A cDNA coding for a vitamin H (biotin) transport protein from Arabidopsis was identi®ed by genetic complementation of a biotin uptake-de®cient yeast mutant. Vitamin H transport by this protein was sensitive to the SH-group inhibitor p-chloromercuribenzene sulfonic acid (PCMBS) and to the uncoupler carbonyl cyanide-m-chlorophenylhydrazone (CCCP), suggesting an energy-dependent biotin-H + symport mechanism. The transport activity could contribute to the so-far uncharacterized plant sucrose-H + symporter AtSUC5 which mediates the energy-dependent transport of biotin and sucrose, and restores growth of the biotin transport-de®cient yeast mutant on medium with low biotin concentrations. Functional comparison of the AtSUC5 transporter with previously characterized plant sucrose or monosaccharide transporters revealed that biotin transport may be a general and speci®c property of all plant sucrose transporters (sucrose/biotin-H + symporters). This ®rst report on a transporter with dual substrate speci®city for two structurally unrelated molecules has a major impact on general thinking concerning the speci®city of membrane transporters. The physiological relevance of this ®nding is discussed.
Introduction
Vitamin H (biotin) is essential for all living cells, where it serves as a mobile carrier of activated CO 2 (Dakshinamurti et al., 1985; Knowles, 1989) . Plants can synthesize their own biotin Baldet et al., 1997) , and the biosynthetic pathway appears to be identical to that described for bacteria (Eisenberg, 1973; Pai, 1975) . To date, four biotin-dependent plant carboxylases (Alban et al., 1993; Harwood, 1988; Wurtele and Nikolau, 1990) and one seed-speci®c, biotinylated protein from pea (Duval et al., 1994) have been identi®ed. The importance of biotin-dependent reactions in higher plants was ®rst illustrated by the discovery of severe developmental defects in embryos of biotin-de®cient mutants of Arabidopsis thaliana. Embryos from bio1 mutants, which are defective in the formation of the biotin precursor 7,8-diaminopelargonic acid (Schneider et al., 1989; Shellhammer and Meinke, 1990) , and embryos from plants defective in the BIO2 gene encoding the biotin synthase (Patton et al., 1996; Patton et al., 1998) , were shown to be arrested at various stages of their development. However, homozygous bio1/bio1 or bio2/bio2 mutant embryos could be rescued with biotin supplied from biotin-enriched medium (1±10 mM) or developed normally, when heterozygous bio2/BIO2 parent plants were grown on soil and watered with 10 mM biotin (Patton et al., 1998) . These results show that biotin can be ef®ciently imported from the medium, allocated within the plant and delivered from bio2/BIO2 parents to bio2/ bio2 embryos.
Information on the mechanism of biotin uptake and allocation in plants has not been available. In baker's yeast and Escherichia coli, however, genes encoding biotin transporters have been cloned (Eisenberg, 1973; Stolz et al., 1999) . In both organisms the expression of these genes is regulated by the biotin concentration in the environment, and the respective gene products catalyse biotin-H + symport across the plasma membranes (Eisenberg, 1974; Stolz et al., 1999) . In mammals, which typically depend on the dietary intake of biotin, uptake of vitamin H occurs via a Na + -dependent multivitamin transporter that mediates the importation of pantothenate, biotin and lipoate (Prasad et al., 1998) .
Here we describe the identi®cation of a plant biotin transporter by complementation cloning in a biotin transport-defective yeast mutant (Stolz et al., 1999) . The identi®ed vitamin H transport protein turned out to possess extreme similarity to plant sucrose transporters (Gahrtz et al., 1994; Riesmeier et al., 1992; Sauer and Stolz, 1994) and also to possess sucrose transport capacity. At physiological concentrations of biotin and sucrose, this protein can mediate the ef®cient transport of both substrates.
Results and Discussion
Identi®cation of an Arabidopsis biotin transporter by complementation of a biotin transport-de®cient yeast A 1913 bp complementary DNA encoding a 509 amino acid membrane protein with 12 putative transmembrane helices was identi®ed by complementing the biotin transport-defective yeast strain JSYDvht1 (Stolz et al., 1999) with an A. thaliana cDNA library generated from seedlings of ecotype Landsberg erecta (Minet et al., 1992) , and by selecting for growth on low biotin. Yeast cells expressing this cDNA clone had a signi®cantly increased capacity to transport and accumulate radioactive biotin across their plasma membrane (Figure 1a) .
Sequence analyses of the encoded protein revealed 81.9 and 74.8% amino acid identity to AtSUC1 and AtSUC2 , representing sucrose-H + symporters of the A. thaliana vascular Truernit and Sauer, 1995) or¯oral tissues. In contrast, comparison of the deduced peptide sequence of the new transporter with sequences from previously described biotin transporters revealed no signi®cant homology to the highly speci®c fungal biotin-H + symporter
Vht1p (Stolz et al., 1999) , or to the mammalian Na + -dependent multivitamin transporter SMVT (Prasad et al., 1998 
Kinetic analyses of biotin transport by AtSUC5
Kinetic studies showed that biotin transport by AtSUC5 was concentration-dependent but not saturable up to 2 mM biotin ( Figure 1c ), a concentration slightly below the upper limit of biotin solubility in water. Therefore a K m value for biotin could not be determined. In contrast, biotin transport by the yeast biotin-H + symporter Vht1p (Rogers and Lichstein, 1969; Stolz et al., 1999) , or the mammalian multivitamin transporter SMVT (Prasad et al., 1998) , is saturated at low concentrations with K m values of 0.3 and 15 mM, respectively. Nevertheless, biotin uptake by AtSUC5 is clearly protein-catalysed and does not result from passive diffusion mediated by the overexpression of a foreign protein in the yeast plasma membrane. Two compounds, p-chloromercuribenzene sulfonic acid (PCMBS), a frequently used SH-group inhibitor of plant sucrose transporters (Gahrtz et al., 1994; Riesmeier et al., 1992; Sauer and Stolz, 1994) , and carbonyl cyanide-mchlorophenylhydrazone (CCCP), a general uncoupler of transmembrane proton gradients (Gahrtz et al., 1994; Riesmeier et al., 1992; Sauer and Stolz, 1994) , reduce the rates of biotin transport signi®cantly (Figure 1d ), suggesting a biotin-H + symport mechanism.
AtSUC5 can also catalyse the transport of sucrose
This surprisingly high homology to AtSUC1 and AtSUC2 suggested that the new cDNA might encode a sucrose-H + symporter, and that the observed biotin transport activity might re¯ect a second function of this transport protein.
Therefore we also screened for a possible sucrose transport capacity and found substantially increased uptake rates also for this substrate (Figure 1b) . With respect to its sucrose transport properties, AtSUC5 behaves like a typical higher plant sucrose transporter. The K m for sucrose is 1 mM (Figure 2a) , which is in the same order of magnitude as the K m values described for other plant sucrose transporters (Gahrtz et al., 1994; Riesmeier et al., 1992; Sauer and Stolz, 1994; Williams et al., 2000) . Competition analyses with various di-and trisaccharides show that maltose, but none of the other sugars tested, competes signi®cantly with sucrose for transport by AtSUC5 ( Figure 2b ). As with biotin (Figure 1d) , and as previously shown for other sucrose transporters (Gahrtz et al., 1994; Riesmeier et al., 1992; Sauer and Stolz, 1994) , PCMBS also reduces the rate of AtSUC5-driven sucrose transport by more than 70% (Figure 2c ), and CCCP almost completely inhibits sucrose uptake by AtSUC5 (Figure 2c ). These results characterize AtSUC5 as a typical PCMBSsensitive, energy-dependent higher plant sucrose-H + symporter that has a marked capacity for the uptake of biotin via a PCMBS-sensitive, energy-dependent biotin-H + symport mechanism.
The fact that sucrose and biotin are taken up by the same transporter raises a question as to whether the two substrates in¯uence each other's uptake under physiological conditions. Competition analyses showed that transport of radioactive sucrose at a concentration of 1 mM is hardly inhibited if biotin is added at the unphysiologically high concentration of 2 mM ( Figure  2d ). Vice versa, biotin uptake at a concentration of 2 mM is inhibited by only about 40% in the presence of a 1000-fold excess of sucrose (Figure 2e ). These data suggest that under physiological conditions (mM extracellular concentrations of sucrose, and most likely below mM concentrations of biotin), both substrates might be transported by AtSUC5 without signi®cant cross-inhibition. An almost complete inhibition of biotin transport was only observed at saturating sucrose concentrations of 50 mM (data not shown). This and the common inhibition by PCMBS suggest a competitive transport mechanism for the two substrates that will hardly ever be saturated under physiological conditions. However, it cannot be excluded that AtSUC5 has two separate binding sites, one for sucrose and one for biotin, and that under the experimental conditions the protein level in the yeast plasma membrane is not rate limiting. Biotin transport appears to be a general property of plant sucrose transporters An important question was whether biotin-H + symport represents an unusual property of AtSUC5, or is a general feature of plant sucrose transporters. Therefore we expressed the cDNA of PmSUC2, a well characterized sucrose-H + symporter from Plantago major (Gahrtz et al., 1994) , in the biotin transport-de®cient yeast strain JSYDvht1, and measured the uptake of 14 C-biotin. Like AtSUC5, PmSUC2 is able to mediate biotin uptake ( Figure  3a) , and this PmSUC2-driven biotin transport is also sensitive to PCMBS and CCCP (Figure 3b ). This is an additional con®rmation of the carrier-speci®c and energydependent nature of the sucrose transporter-mediated biotin uptake. Moreover, this result suggests that biotin-H + symport may represent a general feature of all higher plant sucrose carriers.
Although not supported by the presented inhibitor studies (Figures 1d and 3b) , we wanted to exclude the possibility that the observed biotin uptake by AtSUC5-or PmSUC2-expressing cells is the result of an unspeci®c slip of biotin molecules caused by the overexpression of foreign membrane proteins. For this reason we expressed the cDNA of the plant monosaccharide transporter AtSTP2 in JSYDvht1 cells using the identical plasmid and the identical promoter that had been used for the expression of the two sucrose transporters. Both plant monosaccharide transporters and plant disaccharide transporters have 12 transmembrane helices, are H + -symporters, and belong to the same superfamily of transport proteins (Marger and Saier, 1993; Sauer and Tanner, 1993) . The monosaccharide transport capacity and the possible biotin transport capacity of the AtSTP2-expressing yeast cells were determined (Figure 4) . Despite the strongly increased transport rates for D-galactose in AtSTP2-expressing JSYDvht1 cells (Figure 4a ), no increase in biotin uptake could be detected (Figure 4b) . Moreover, transport of galactose by AtSTP2 is sensitive to CCCP but is not inhibited by PCMBS (Figure 4c ). This proves that biotin-H + symport is a speci®c property of plant disaccharide transporters. The result also demonstrates that inhibition by PCMBS of sucrose transporter-dependent biotin and sucrose uptake in yeast (Figures 1d and 3b) is not the result of an indirect effect, such as an inhibition of the H + -ATPase or the reduction in the proton motive force.
In that case the uptake of D-galactose should also be inhibited by PCMBS. 
What is the physiological role of biotin transport in plants?
Although plants can synthesize their own biotin, it is not known whether the biotin biosynthetic pathway is (equally) active in all cells of a fully developed plant. Tissues with extremely high mitotic activities, such as the meristems of roots and shoots, or rapidly growing cells such as pollen grains, may depend on (or at least pro®t from) additional vitamin H supply from adjacent cells or even from far-away photosynthetic tissues. This is supported by the ®nding that homozygous bio2/bio2 mutant embryos can be rescued within the siliques of their heterozygous bio2/BIO2 parent plants on addition of biotin to the supplied water (Patton et al., 1998 ). An embryospeci®c sucrose transporter that may catalyse this biotin partitioning within the developing seed has been identi®ed in Arabidopsis only recently (M. Gahrtz, P. Rothe and N. Sauer, unpublished results). Also, pollen-speci®c sucrose transporters have been identi®ed (Lemoine et al., 1999; Stadler et al., 1999) and sucrose transporters have also been localized within the assimilate transporting venous network, the phloem (Ku È hn et al., 1997; Stadler and Sauer, 1996; Stadler et al., 1995) .
Data on extracellular (cell-wall) biotin concentrations are not available. However, free biotin concentrations in the phloem of several plants have been determined (Ziegler and Ziegler, 1962) and were shown to be in the nanomolar range. Similar concentrations were reported for other plant tissues (Blattna Â , 1964) . Such intracellular concentrations could be built up by an AtSUC5-driven biotin uptake. From the data in Figure 1 (a±c) it can be calculated that under physiological concentrations (nM biotin and mM sucrose), only one biotin molecule will be imported by AtSUC5 per 10 6 ±10 7 sucrose molecules. Plant sucrose transporters accumulate sucrose to intracellular concentrations of 50±100 mM (in some cells to even higher concentrations) and thus could easily generate intracellular biotin concentrations of 5±50 nM and more. We analysed the ability of the plant transporters AtSUC5 and PmSUC2 to drive growth of the biotin-defective yeast mutant JSYDvht1 on medium with low biotin, in comparison to the yeast biotin-H + symporter Vht1p. Obviously, only yeast cells expressing one of the three transporters can grow on plates supplemented with 10 nM biotin. No growth is detected with the control strain transformed with the empty vector ( Figure 5 ). Growth with both plant transporters is somewhat slower than with the enogenous Vht1p biotin transporter, but this might re¯ect different expression levels of the three transporters. At elevated biotin concentrations (10 mM) the diffusion rates of vitamin H are suf®ciently high to sustain yeast growth, even in the absence of protein-catalysed biotin uptake. These results show that plant sucrose/biotin transporters can replace the yeast biotin transporter and allow cellular growth at nanomolar concentrations of biotin in the medium. The precise sites of AtSUC5 expression in Arabidopsis will need to be determined by immunolocalization and/or in situ hybridization. Preliminary analyses by RT±PCR yielded AtSUC5 mRNA-derived signals in all tissues of Arabidopsis plants (data not shown), suggesting an important role of the AtSUC5 protein in sucrose and biotin transport in all plant tissues.
Other transporters may also have additional substrate speci®cities
A dual function of plasma membrane transporters in sugar and vitamin transport has been described previously for mammalian hexose facilitators. These transporters mediate the uptake of glucose and dehydroascorbic acid, the oxidized form of vitamin C (Vera et al., 1993) . Rapid intracellular reduction of the imported dehydroascorbate allows the ef®cient intracellular accumulation of vitamin C. This result was regarded as evidence that, although speci®c, Na + -dependent transporters for L-ascorbic acid have been described (Tsukaguchi et al., 1999) , hexose Growth of the VHT1-de®cient yeast strain JSYDvht1 transformed with the yeast expression plasmid NEV-N harbouring either the yeast VHT1 cDNA, the Arabidopsis AtSUC5 cDNA, the Plantago PmSUC2 cDNA, or no insert. Cells were grown for the indicated times on synthetic minimal media supplemented with 10 nM or 10 mM biotin. On plates with 10 nM biotin, best growth is observed with VHT1-expressing yeast cells. Cells expressing the Arabidopsis or Plantago sucrose transporters AtSUC5 or PmSUC2 grow two-to threefold slower. No growth is observed in the absence of any biotin transporting activity on plates supplemented with 10 nM biotin. On plates supplemented with 10 mM biotin, growth rates are independent of the presence of a biotin transporter, indicating that passive diffusion of biotin is suf®ciently rapid at this concentration.
transporters do play a crucial role in the accumulation of vitamin C in mammals. So far it has not been tested whether higher plant monosaccharide transporter, which are closely related to the mammalian glucose facilitators (Williams et al., 2000) , can also mediate the transport of dehydroascorbate.
The ®nding that higher plant sucrose transporters can mediate the uptake of vitamin H was totally unexpected. Whereas glucose and vitamin C represent structurally closely related molecules, no obvious structural similarity is detected between sucrose and biotin. The simultaneous transport of these two different substrates by one transporter would never have been detected by classical competition analyses. Therefore we may speculate that other transporters, for example transporters for amino acids or nucleotides, may also show a dual substrate speci®city if the right questions are asked.
Experimental procedures

Strains, growth conditions and yeast transformation
The Escherichia coli strain DH5a was used for all cloning steps (Hanahan, 1983) . For complementation cloning of the AtSUC5 cDNA we used the yeast strain JSYDvht1 (Stolz et al., 1999) , which is defective in the VHT1 gene encoding the yeast biotin transporter. Yeast transformation was performed as described (Gietz et al., 1992) .
Selection for growth on low biotin
An Arabidopsis thaliana cDNA library (ecotype Landsberg erecta) that had been constructed in the yeast expression vector pFL61 (Minet et al., 1992) was used for complementation of the biotinauxotrophic Saccharomyces cerevisiae strain JSYDvht1 (Stolz et al., 1999) . Selection for growth on low biotin concentrations transformants was performed on synthetic minimal medium supplemented with biotin (2 mg l ±1 ). Plasmids were isolated from yeast cells capable of growing on low biotin, and NotIinserts were sequenced in both directions, excised and cloned into the yeast expression vector NEV-N . The novel AtSUC5 cDNA sequence has been deposited in the EMBL databank under the accession number AJ252133.
Uptake experiments
Uptake tests with 14 C-biotin and 14 C-sucrose were performed in 25 mM sodium phosphate buffer pH 5.5 at 30°C, as previously described (Sauer et al., 1990) .
